The current prognostic parameters, including tumor volume, biochemistry, or immunohistochemistry, are not sufficient to reflect the properties of cancer cells that distinguish them from normal cells. Our focus is to evaluate the effects of a combination of microtubule-polymerizing Taxol and -depolymerizing colchicine on IAR20 PC1 liver cells by measuring the surface fractal dimension as a descriptor of two-dimensional vascular geometrical complexity. The fractal dimension offers a rapid means of assessing cell shape. Furthermore, we show correlations of fractal dimensions of cell contours with the latent factors from our previously employed cell shape analysis.
INTRODUCTION
Due to resistance to cancer drugs developing over the time, and to numerous side effects, many clinical studies have aimed to evaluate effects of drug combinations in chemotherapy of cancer. By lowering dosages in the combination therapy, both high risk of side effects and development of resistance to treatment can be eliminated. In addition, combination treatment effectively reduces the cost of drugs.
Cytoskeletal structure mediates many of the behavioral characteristics of cells. It has been postulated that transformation-dependent changes in cell shape are caused in part by a disturbance of the vesicle traffic accumulated in the endocytic pathway~Heckman et al., 1996!. The hypothesis is based on a comparison of normal and oncogenically transformed cells, which states that the latter have an excess of membrane-bound vesicles trapped in the peripheral cytoplasm~Baish & Jain, 2000; Heckman et al., 2000!. Cytoskeletal units found in cells are actin microfilaments, intermediate filaments, and microtubules~MTs!. All have been found to be altered in one or more types of transformed cells in comparison to their normal counterparts Cross, 1997!. Clinical studies conclude that the combination of MT poisons is an effective therapy in treating cancer. In particular, the combination of vinorelbine, a vinblastine analog, and docetaxel, a Taxol analogue, are widely prescribed Uppal et al., 2007!. Previous in vitro comparisons of normal and transformed cells have resulted in the discovery of certain morphological features that are correlated with transformation to oncogenesis and reverse transformation of cancer cell properties~Heckman & Jamasbi, 1999; Heckman et al., 2000 !. In these studies we performed an assay of cell morphology using computer-assisted microscopy and classification methods. The assay quantified aspects of threedimensional~3D! shape, based on values of 102 mathematical variables and latent factors~Heckman et al., 1996, 2000!. To evaluate phenotype in an experiment, variables corresponding to treated and control cells are usually compared with database values for normal and oncogenically transformed cells. An example of the comparison of morphological differences of the control and treated cells is shown in Figures 1A and 1B, respectively. These images illustrate the rearrangements of MTs following exposure to a combination of paclitaxel and vinblastine. After treatment the MTs form a more uniform distribution and extend at more uniform angles toward the cell edge.
The current research evaluates the effect of a combination of MT-interacting agents on cell shape by means of fractal analysis. Taxol and colchicine caused a reversal of cancer cell phenotype. Colchicine is the most studied of all antimitotic agents. It inhibits MT assembly and exhibits pseudoirreversible kinetics by binding to tubulin. Studies have shown that colchicine stabilizes its binding site, stimulates GTPase activity, and increases affinity between the tubulin monomers with an influence on cross-linking by bifunctional sulfhydryl reagents~Uppuluri et al., 1993!. Colchicine binds tightly to tubulin subunits and serves as a "ϩ end" cap on the MT, preventing further subunit addition to the assembled MTs~Mareel & De Mets, 1984; Wilson & Farrell, 1986 !. Taxol, also known as paclitaxel, is an anticancer drug that arrests cell division by binding to and stabilizing MTs. Its effect on MT stability is exactly opposite to that of colchicine. It decreases the magnitude of the dissociation constant for tubulin at both the "ϩ" and "Ϫ ends" of the MTs~Wilson et al., 1985 !, thereby promoting net MT assembly~Schiff et al., 1979 Schiff & Horowitz, 1980 !. In vitro studies show that the two MT inhibitors act on MTs at different target sites, however. At substoichiometric ratios to tubulin, paclitaxel restricted both the periods of growth and shrinkage of MTs~Derry et al., 1995!. However, MT-depolymerizing inhibitors, vinblastine and colchicine, also suppress both periods of growth and shrinkage, a feature called MT dynamicity~reviewed in Yvon et al., 1999!. Colchicine and paclitaxel in combination exert complex effects on the MT array in cells. They cause a reduction in the number of MTs anchored in the MT-organizing center and create arrangements of MTs that are rarely found in control cells~Sandoval et al., 1984!. MT arrays appear to radiate from points in the cytoplasm or to emerge perpendicularly to the cell edge~Heckman et al., 2000!. It is difficult to determine which aspects of MT reorganizatioñ if any! are related to the therapeutic effect of such inhibitor combinations. In this work, we investigate these effects using a method of fractal analysis, which provides an opportunity to describe cumulative morphological cell changes using a single parameter called the fractal dimension. It is well known that Euclidian geometry fails to describe natural objects such as coastlines, trees, clouds, and blood vessels in lungs, as their geometrical measures deviate from finite values with increasing resolution~Mandelbrot, 
MATERIALS AND METHODS

Cell Lines
The IAR20 PC1 line was derived from the liver of inbred BD-VI rats, as described elsewhere~Montesano et al., 1975!. It was cloned two months after being established. Liver cells were routinely grown in William's E medium supplemented with penicillin, streptomycin~50 units/mL!, and 10% fetal bovine serum. The line gradually became tumorigenic while being maintained in a culture over a period of 8 months Montesano et al., 1975; Heckman, 1985 !. Information about the shape features was derived from interference images Tolansky interference!. These were generated by culturing cells on anodized tantalum substrates and then imaging them in reflected light. The method is described in detail elsewhere~Heckman, 1985; Heckman & Plummer, 1992!. Cells were plated on substrates in replicate dishes, left overnight, and exposed to experimental agents or solvent vehicle alone. After 2 h of incubation, samples were recovered, fixed in 3% glutaraldehyde, and dried in air. Cells were imaged in a Zeiss Universal microscope, and the outlines of their three lowermost interference contours were obtained for each cell as described previously~Heckman et al., 1996, 2000!. Each sample was represented by 50 cells. The control and treated groups were labeled C and S35, respectively.
Agents
Colchicine, obtained from Sigma-Aldrich, was dissolved in ethanol and used as described previously~Heckman et al., 
Fractal Analysis of Cell Contours
Fractal analysis of the outer, middle, and inner contours of the control and the reverse-transformed S35 cells was carried out using the box-counting method~Feder, 1988!. Single pixel-wide perimeters of separate contours, obtained from optical microscopic images, were covered with square boxes of increasing size including from 2 ϫ 2 to 64 ϫ 64 pixels or about two orders of magnitude. The smallest cut-off corresponds to the size of a pixel whereas the largest cut-off has been chosen as approximately 1/5 of the image size. From the observed power law dependence, one can obtain the values of the fractal dimension:
where N is the total number of square boxes required to cover the image, l is the length of the side of a box, and D f is the fractal dimension, which is usually a noninteger. To check the validity of the assumption of having a normal distribution, which is required to perform the t-test used for the analysis of fractal histograms, we inspected the distribution of D i , D m , and D o values. Although these appeared normally distributed, we also compared our results from the t-test with the results of a nonparametric MannWhitney test~data not shown!. We obtained similar P-values using both methods. This was the outcome expected from the Central Limit Theorem; as with samples with large numbers of observations~over 30!, the results of parametric and nonparametric tests are the same.
RESULTS
The value of the fractal dimension differs from latent factors in that it reflects a cumulative result on the shapes of cell contours. It allows comparing the same contours belonging to different cell types, or comparing different contours within the same cell. Fractal analysis represents a useful mathematical tool to integrate changes into a single metric describing single cell contours. Application of a combination of drugs induced characteristic morphological changes in the contours of transformed cells. Figure 2 shows typical images of a reverse-transformed S35~Fig. 2A! and a control Fig. 2B ! cell contours. Fractal analysis of microscopic images was carried out using the box-counting method described in the Materials and Methods section. Linear ln-ln plots of the number of the boxes N as a function of the box size l were obtained for the three contours of all cell images, revealing self-similarity and fractality of cell shapes. Figure 3 shows the ln-ln plots of equation~1! for all the contours of sample cells in Figure 2 . The values of the fractal dimension obtained from these plots allowed one to quantitatively distinguish the inner and outer contours. Table 1 illustrates the values obtained from the two groups of cells. The results of the two-sample t-test performed in this study were similar to our previous analysis using 102 variables and latent factors~Uppal, 2006; Uppal et al., 2007 !. This provides support to the proposed use of fractal analysis and reveals advantages of the fractal geometry.
To demonstrate global differences between the two cell samples, we present the results of fractal analysis with fractal histograms and plots of cumulative probabilities in Figure 4 . Histograms show the number of cells in the group having fractal dimension values in the chosen interval and demonstrate that the degree of fractality is higher in the reverse-transformed cells. Cumulative probabilities indicate the total number of cells with the values of fractal dimension less than D f as a function of D f . These plots reveal the increased degree of roughness or fractality in the S35 cells and allow the treated and untreated samples to be distinguished easily from one another.
DISCUSSION
In our previous studies, cell shape analysis was carried out using optical anodic oxide interferometry~Heckman et al., 2000! for imaging cultured cells. The method was used to acquire the contours of transformed cells so that changes in shape induced by drug combinations could be related to information about cell structure. High-fidelity paper images were converted to binary format using a digitizing tablet Olson et al., 1980; Uppal, 2006; Uppal et al., 2007 !. Values of 102 variables were calculated from the digitized contours Heckman et al., 2000 !. Principal component analysis was applied to allow us to group similar morphological changes and represent them by single factors. Correlation was established between the cell shape and the development of tumorigenicity in cancer cells due to the gradual failure of filopodia formation~Heckman & Jamasbi, 1999! and aberrant vesicle traffic~Heckman, 1985; Heckman et al., 2000!. In the present study, effects of a combination of MT-interacting drugs on IAR20 PC1 cells are quantitatively analyzed using fractal analysis.
Fractality may be regarded as a quantitative measure of the irregularity of cell contours. The fractal dimension, therefore, serves as a sensitive descriptor of cell shape. Results indicate that the inner and outer contours undergo the most drastic changes in the distribution of fractal dimensions. The outer contour is involved in extensive changes related to the descriptor of factors 4 and 5~Heckman et al., 2000!. Factor 4 is defined as a number of sharp, tapering features at the cell edge~filopodia and microspikes! and relies heavily on assessment of curvature in the outer contour. Factor 5 was related to the enlarged invaginations and evaginations at the cell edge~mass displacement!. Factors 1, 2, and 12 rely on variables from the inner and middle contours and are defined as coarse protrusions, bumpiness size of protrusions!, and rounding up of the cell, respectively. The increase in the angle at which the cell line rises from the substrates~factor 12! was among several features that were characteristic of transformed cells~Heckman et al., 2000!. The latent factors nontrivially relate to the fractality of cell contours, but the fractal dimension reveals different geometrical information. First, it provides an intuitive measure of the roughness related to factor 4 in the outer contour. Second, it indicates equal amounts of roughness in the higher contours that must relate to changes in vesicle trafficking or cytoskeletal organization. This is important because patterns of vesicle trafficking are dependent upon MT organization.
Several basic questions can be answered by using cell shape analysis, for example, effects of G-proteins on morphometric cell shape, influence of MT dynamics on the arrangement of MT aggregates, and others relating cell morphology and function in chemotherapy. It was previously found that factor 4 declined as the malignancy of a cell line increased~Heckman et al., 2000!. Previous studies have concluded that factor 8 of the middle contour, defined as a spiky structure in the contour, was depressed in cells treated with cytoskeletal inhibitors~Heckman et al., 2000!. These effects can be reevaluated using different classification methodologies such as fractal analysis. 
CONCLUSIONS
In this work we identified correlations between certain factors describing cell features and fractal dimensions of cell contours and demonstrated that fractal analysis can provide a rapid assay of changes in cancer cell shape. We showed that both treated and control IAR20 PC1 liver cells revealed fractality with the former being more fractal than the latter. Fractal analysis yielded a quantitative measure of the complex response of cells to a combination of MTinteracting agents and, therefore, will provide a practical method of analyzing additional drug-induced morphological transformations. Future work will exploit and develop formal classification methods, suitable for predicting and prognostic endpoints. Further application of fractal analysis will include investigation of the mechanisms of phenotype reversal in tumor cells and interference with tumor progression and metastasis, which are significant components of the efficacy of chemotherapies~Heckman et al., 2000; Uppal et al., 2007!. 
